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Open access under the ElsPreserving the enzyme structure in solid ﬁlms is key for producing various bioelectronic devices, includ-
ing biosensors, which has normally been performed with nanostructured ﬁlms that allow for control of
molecular architectures. In this paper, we investigate the adsorption of uricase onto Langmuir monolay-
ers of stearic acid (SA), and their transfer to solid supports as Langmuir–Blodgett (LB) ﬁlms. Structuring of
the enzyme in b-sheets was preserved in the form of 1-layer LB ﬁlm, which was corroborated with a
higher catalytic activity than for other uricase-containing LB ﬁlm architectures where the b-sheets struc-
turing was not preserved. The optimized architecture was also used to detect uric acid within a range
covering typical concentrations in the human blood. The approach presented here not only allows for
an optimized catalytic activity toward uric acid but also permits one to explain why some ﬁlm architec-
tures exhibit a superior performance.
 2011 Elsevier Inc. Open access under the Elsevier OA license. 1. Introduction
Enzymes incorporated in nanostructured ﬁlms may ﬁnd several
applications, particularly if appropriate matrices are employed. En-
zyme immobilization in bio-inspired ultrathin ﬁlms, such as those
produced with the lipid Langmuir–Blodgett (LB) technique, in
particular, has the advantage of an accurate control of thickness,
composition, surface elasticity and molecular density [1,2]. The
amphiphilic nature of the lipids helps preserve the conformation
of active enzymes [1–4], while inducing the polypeptide moiety
to adopt an adequate orientation for the access of catalytic sub-
strates [5,7]. The LB technique is therefore suitable for obtaining
well-ordered enzyme–lipid systems, which can also be employed
in biosensors. The methodology requires the formation of stable
monolayers at air/liquid interfaces, the so-called Langmuir ﬁlms,
and subsequent transfer onto solid supports [8–10]. Because the
preservation of activity depends on the molecular-level interac-
tions, a detailed investigation of the properties of Langmuir ﬁlms
is necessary.
A number of enzymes have been used to form LB ﬁlms, in most
cases with the purpose of biosensing speciﬁc analytes, as described
in a recent review [2]. LB ﬁlms from uricase, in particular, have
already been reported [11], but attempts to detect uric acid have
been scarce. Uricase has a molecular weight of 125,000, isoelectric
point of 6.3, comprising four polypeptide subunities [12]. Oneevier OA license. copper ion is in the center of these subunities coordinating the
quaternary structure of the protein. Uricase is responsible for cat-
alyzing the oxidation of uric acid to alantonin, carbonic acid and
hydrogen peroxide. The uric acid oxidation is important in mam-
malians because alantoin has enhanced solubility in water, being
therefore easier to be excreted.
Langmuir monolayers from uricase have been studied by Wang
et al. [11], while solid ﬁlmswere reported in Arslan [13]. Both in the
solid ﬁlms and in lipid vesicles [14], uricase exhibited high
uricolytic activity, thus indicating that the lipids help preserve the
enzyme activity, with lower loss rate. However, neither of these
studies has focused on the catalytic activity or used lipids as pro-
tecting matrix in Langmuir–Blodgett ﬁlms. Uricase has been immo-
bilized in self-assembled monolayers on electrodes, with the
activity being demonstrated in electrochemistry experiments [15]
where amperometric sensing allowed detecting oxidation of the
H2O2 produced. One serious problem in such amperometric sensors
is that uric acid itself is oxidized on convention electrodes such as
Pt, Au, and carbon, and the potentials are sufﬁciently high to oxidize
H2O2 [16–18]. Therefore, alternative methods have to be employed
such as the use of Prussian Blue as redox mediator in ﬁlms made
with alternating layers containing non-active polymers [19].
In this paper, we address important issues associated with the
immobilization of enzymes in solid ﬁlms, more speciﬁcally on LB
ﬁlms. The adsorption of uricase at the air–water interface along
with stearic acid (SA) was studied using three techniques, includ-
ing polarization-modulated infrared reﬂection absorption
spectroscopy (PM-IRRAS), which allows for probing the structuring
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ness of deposition, and low price if compared to phospholipids
[20]. It will be shown that stable Langmuir ﬁlms could be formed
with the mixture of uricase and SA, from which LB ﬁlms could be
deposited. Four ﬁlm architectures were studied, and the one with
optimized performance in terms of catalytic activity was used to
detect uric acid.
2. Experimental details
SA and uricase were purchased from Sigma. SA solutions (0.5–
1.0 g/L) dissolved in chloroform were spread on a 0.01 mol/L phos-
phate buffer, pH  6.3 and ionic strength controlled at 0.1 mol/L
adding NaCl in a mini-KSV trough (subphase volume = 220 mL).
The incorporation of uricase into SA monolayers was carried out
by injecting an aliquot of 20 lL of 0.24 mg/mL uricase solution into
the buffered subphase (yielding a ﬁnal uricase concentration of ca.
0.02 lg/mL), just below a pre-formed monolayer at zero surface
pressure. This procedure was performed 20 min after spreading
the lipid solution to allow for solvent evaporation. The surface
pressure was measured with the Wilhelmy method, while the
surface potential was obtained using a Kelvin probe. All measure-
ments were carried out at 25.0 ± 0.1 C with water puriﬁed by a
Milli-Q system, with resistivity of 18.2 MX cm and surface
tension of 72.0 mN/m. Monolayer compression took place using
two barriers at a 5 cm2/min rate, after stabilization of the surface
pressure upon injection of uricase (30 min). The surface pressure
and surface potential were then obtained as a function of the area
per SA molecule. PM-IRRAS measurements were taken with a KSV
PMI 550 instrument (KSV instrument Ltd., Helsinki, Finland). The
Langmuir trough is set up so that the light beam reaches the mono-
layer at a ﬁxed incidence angle of 80. At this angle, the intensity is
maximum and the noise level is the lowest. The incoming light is
continuously modulated between s- and p-polarization at a high
frequency, which allows for the simultaneous measurement of
the spectra for the two polarizations. The difference between the
spectra provides surface-speciﬁc information, and the sumFig. 1. Structure of the four architectures of uricase co-immobilized in solid supports (op
ﬁlm (one layer); (C) uricase adsorbed from solution onto a SA LB ﬁlm (three layers); (Dprovides the reference spectrum. With the simultaneous measure-
ments, the effect of water vapor is largely reduced.
As for the incorporation of uricase into LB ﬁlms of SA, advantage
was taken of the control in molecular architectures to obtain the
four architectures shown in Fig. 1. In A and B, mixed Langmuir
ﬁlms were initially formed with incorporation of uricase from
the aqueous subphase, and then transfer onto the solid support
was made by vertically immersing and withdrawing the support
across the air/ﬁlm interface with a dipping speed of 5 mmmin1
and at a surface pressure of 30 mNm1. The transfer ratio was
1.1 ± 0.1. The major difference between A and B is the number of
deposited layers. In B, just one layer was deposited. In A, four layers
were deposited in a Y-type LB ﬁlm. For the 4-layer LB ﬁlm, the solid
support was allowed to dry at room temperature for 30 min.
between each withdrawal and immersion. The architectures C
and D were obtained by ﬁrst depositing, respectively, 3 and 4-layer
LB ﬁlms of neat SA, with the upmost layer exposing the hydropho-
bic SA tails and the hydrophilic SA heads, respectively. The exper-
imental conditions for deposition were the same as for the mixed
ﬁlms. After deposition, the LB ﬁlms of neat SA were immersed in
a solution containing 2.2  105 mg/mL of uricase and left for
10 min to allow for adsorption. The difference between C and D
is again in the number of layers and the type of group exposed at
the uppermost layer, as depicted in Fig. 1.
The incorporation of uricase in all four architectures of Fig. 1
was conﬁrmed using ﬂuorescence spectroscopy with a Shimadzu
FR-5301PC and with PM-IRRAS. For determining the enzyme
activity, we inserted the solid support coated with the LB ﬁlm in
a medium containing the Tris buffer (0.1 mol/L) to obtain pH 8.5
(optimized condition for enzyme activity [21]) and uric acid
(0.16 mg/mL). The decrease in absorbance at 293 nm was moni-
tored with a Hitachi U 2001 spectrophotometer according to the
method described in the literature [21]. The enzyme activity was
estimated considering the mass of uricase deposited, which was
calculated using a quartz crystal microbalance (QCM – Stanford
Research Systems Inc.). All the experiments were repeated at least
three times.tical glass) together with SA: (A) SA–uricase LB ﬁlm (four layers); (B) SA–uricase LB
) uricase adsorbed from solution onto a SA LB ﬁlm (four layers).
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3.1. Surface pressure and surface potential isotherms
Fig. 2A shows the surface pressure-area isotherms for SA under
three conditions. For SA on the buffer subphase a typical curve [22]
was obtained which exhibits three phases, namely the gaseous,
liquid-condensed and solid phases. Surprisingly, the isotherm
was shifted to lower areas when a small aliquot of uricase was
introduced in the buffer subphase. The shift of 3 Å2 was reproduc-
ible in the experiments performed (at least three times), being
above the accuracy of the area measured. Therefore, we may
ascribe this shift to enzyme–lipid interactions. Because incorpora-
tion of the enzyme into the alkyl chains of SA should lead to an
expansion, the monolayer condensation in Fig. 2 could mean that
a fraction of the enzyme molecules located below the polar heads
of SA prevent the fatty acid from deprotonating and minimize
intermolecular repulsion. Also, the collapse pressure increased to
ca. 56 mN/m with uricase incorporation, indicating an increase in
monolayer stability.
Fig. 2B shows the effect from the association of uricase on the
surface potential-area isotherm of SA. For the pure lipid, a typical
curve was observed, similar to those for pure water subphases
[22], with a critical area of ca. 34–36 Å2/molecule (onset of the
curve during monolayer compression) and maximum surface
potential of 290–300 mV. The presence of ions in the buffer
subphase does not change signiﬁcantly the surface potential of a
SA monolayer, in comparison to the monolayer on a pure water
subphase [22]. The surface potential had an overall increase when
uricase was introduced, which can be attributed to two factors: (i)0
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Fig. 2. (A) Surface pressure- and (B) surface potential-area isotherms for SA
monolayer with uricase (0.024 mg/mL) in the subphase (pH 6.3).Adsorption of enzyme molecules could decrease the negative
contribution from the double-layer to the surface potential [23].
However, since the pH used in the experiments was 6.3, where
the isoelectric point of uricase is [12], the enzyme should be
zwitterionic and have no effect on the double-layer. (ii) Rearrange-
ment of interfacial water. As it will be shown with the PM-IRRAS
data, the association of uricase induces changes in the bands due
to interfacial water. Therefore, the rearrangement of interfacial
water seems more reasonable, consistent with the probable
localization of the enzyme below the polar headgroups of the SA
monolayer. Also, the interactions between the enzyme and the
monolayer are not strong, as demonstrated by the small changes
in the isotherms upon incorporation of uricase (the isotherm only
shifted slightly toward smaller areas without any modiﬁcation in
its overall shape).
Obviously, the dipole moments of the polar groups in the
enzyme can also contribute to the surface potential, but this contri-
bution should be small if these groups are immersed in a high
dielectric constant region of the monolayer sub-surface. In any
case, we cannot predict the contribution for the orientation of
the enzymes polar groups, which is unknown.3.2. PM-IRRAS of Langmuir monolayers
The association of uricase onto SA monolayers can be probed
precisely with spectroscopic techniques, such as PM-IRRAS. The
spectra for SA and mixed uricase–SA monolayers for the region
of CH stretching of CH2 are shown in Fig. 3. There are two main
bands, centered at 2850 and 2915 cm1, for the symmetric and0.000
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Fig. 3. PM-IRRAS spectra for monolayers of SA (panel A) or SA–uricase (panel B) in
the region of CAH stretching. The monolayer surface pressure at which each
spectrum was taken is given in the insets.
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Fig. 4. PM-IRRAS spectra for monolayers of SA–uricase in the region of amide
vibrations. The inset shows the monolayer surface pressure.
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increasing with surface pressure, indicating higher surface densi-
ties. In this region of the spectra there are no signiﬁcant differences
between pure SA and the uricase–SA mixture. We shall then focus
the discussion in the amide bands region of the spectra.
Fig. 4 shows the PM-IRRAS spectra for the region of amide
bands for the mixed SA–uricase monolayer. Since the enzyme
molecules were injected in the subphase under a pre-formed lipid
monolayer at zero surface pressure, denaturing could occur owing
to changes in the enzyme conformation. This possibility can be1500 1600 1700
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0.000
1543 1655
1635
SA-Uricase LB film (4 layers)
A
1500 1600 1700
-0.006
-0.004
-0.002
0.000
Uricase from solution on 3-layer SA LB film
1562
1658
1625
C
Fig. 5. PM-IRRAS spectra for LB ﬁlms containing uricase. The panels A–veriﬁed by inspecting the amide bands in the PM-IRRAS spectra.
As expected, no signiﬁcant bands for amide appear for pure SA
monolayers (results not shown). For the mixed monolayer, the
spectra feature three bands from 1520 to 1560 cm1, assigned to
amide II (CAN) stretching, and a set of bands between 1640 and
1690 cm1 owing to amide I (C@O) stretching. In the PM-IRRAS
spectra, negative bands represent transition moments parallel to
the surface normal [24]. The secondary structure of the enzyme
may be inferred from the position of the bands. For instance, the
shoulder at 1644 cm1 and 1659 cm1 represents C@O in a-helices
and b-turns, respectively. The band at 1627 cm1 indicates b-
sheets. The strong band at 1675 cm1 is assigned to OAH bending
from interfacial water. As the spectra were taken by subtracting
the spectrum of the buffer subphase, the appearance of this band
originates from re-organization of interfacial water on this new
surface (SA–uricase). Such reorganization of interfacial water is
consistent with sum-frequency generation results [25]. These spec-
tra conﬁrm the association of uricase onto the SA monolayer.
Because the band for the OAH group for interfacial water overlaps
with other bands in the spectrum, it is not reliable to use the areas
under the bands to estimate the ratio of a-helix/b-sheet contents.
According to the crystal structure, uricase has around 1:2 propor-
tion of a-helices/b-sheets.3.3. LB ﬁlms
The PM-IRRAS spectra for the LB ﬁlms containing uricase immo-
bilized in SA matrix with the four architectures of Fig. 1 are shown
in Fig. 5. The transfer ratio for the LB deposition was always close1500 1600 1700
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D correspond to spectra taken for the architectures A–D in Fig. 1.
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Fig. 6. Fluorescence spectra for the LB ﬁlms containing uricase as depicted in the
ﬁlm architectures of Fig. 1.
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pure-lipid or proteolipid depositions. The panels A–D correspond
to the architectures A–D in Fig. 1. Important shifts in band position
are observed in relation to the spectra in Fig. 4 for uricase adsorbed
onto a SA monolayer, for all the architectures used. The a-helix
bands for amide I, appearing at 1644 cm1 for the SA monolayer,
were shifted to higher energies in the LB ﬁlms, but with different
extents depending on the architecture. The amide II bands were
also shifted. The amide I band due to b-sheets at 1627 cm1 was
shifted to higher energies for architectures 1 and 2. It seems that
uricase changes conformation and geometry of insertion in a lipidic
matrix, upon transfer from the air/water interface onto solid
supports. This was expected since the relative amount of hydration
water decreases substantially in the solid ﬁlm, thus causing the en-
zyme to be rearranged in order to reduce possible non-favorable
interactions.
A direct comparison can be made for the LB ﬁlms. The band for
amide II is more intense than that for amide I in 2 cases: when
uricase and SA were transferred from their mixed monolayer at
the air–water interface onto the solid substrate in a single deposi-
tion (one layer) (architecture B in Fig. 1), and when uricase was
adsorbed from its aqueous solution onto a pre-formed Y-type
3-layer SA LB ﬁlm (architecture C). In both cases, the ﬁlm had
hydrophobic groups on the surface, which may affect the confor-
mation and orientation of the enzyme. The position of amide I
for a-helix structures ranged between 1645 and 1658 cm1 [26]
for 3 out of the four ﬁlms studied. The C@O stretching vibration
for b-sheets has two main contributions: a strong one at
1630 cm1 and a weaker one at 1690 cm1 or 1650 cm1 for
antiparallel or parallel b-sheets, respectively. The bands at
1659 cm1 or 1663 cm1 could be due to b-turns or non-structured
regions of the protein. Therefore, it is likely that the secondary
structure of the absorbed uricase was a mix of a-helices
(1650 cm1) and b-sheets (1625–1635 cm1). Only for the
1-layer SA–uricase LB ﬁlm (architecture B) has the band appeared
at 1663 cm1, indicating b-turn structures.
The ratio between the numbers of b-sheets and a-helices can be
estimated from the areas under the bands at 1630 and
1650 cm1, respectively. For architectures A, C and D the
b-sheet/a-helix ratio was 0.85, 0.08 and 0.23, respectively. A small
proportion of b-sheets indicates denaturing of uricase for these
architectures, for there is evidence from the crystal structure and
circular dichroism data [27,28] that most of the secondary struc-
ture should consist of b-sheets. The thicker structure provided by
the LB ﬁlm in architecture A, in addition to the entrapment of
the enzyme inside the ﬁlm, favors the appearance of b-sheet struc-
tures to a larger extent than for architectures C and D. However,only for architecture B were the b-sheet absorption bands predom-
inant (and a-helix absorption was not even observed).
The ﬂuorescence of tryptophan groups, which comprise ca. 5% of
the primary structure of uricase [29], wasmeasuredwith excitation
at 290 nm for the four ﬁlm architectures of Fig. 1. The spectra in
Fig. 6 feature a peak at 365–370 nm. Though the deposition of uri-
case has been proven with the PM-IRRAS spectra for all architec-
tures, the ﬂuorescence intensity for architectures C and D was
within the noise of the measurements. The strongest emission
occurred for the 4-layer mixed uricase–SA LB ﬁlm (architecture A),
which should be expected because this ﬁlm had uricase in all four
layers, whereas the other ﬁlms had the enzyme in just one layer.
The larger deposited mass in architecture A was conﬁrmed with
measurements in a quartz crystal microbalance. Indeed, after
discounting the mass of SA, we obtained a mass due to uricase in
the 4-layer LB ﬁlms (architecture A) that was 4-fold the value for
the 1-layer LB ﬁlm (architecture B). Therefore, the hypothesis of pro-
tein molecules being expelled during the transfer of the mixed
interfacial ﬁlm can be discarded. The lower emission in architec-
tures C and D could also be ascribed to the formation of aggregates,
thus quenching the tryptophan ﬂuorescence. As for the higher emis-
sion in architecture B, compared to C and D, one should recall that
the amphiphilic uricase needs hydrophilic and hydrophobic envi-
ronments to adapt its structure. The more probable structure pres-
ervation in architecture B would then explain the higher emission,
since in architectures C and D uricase molecules were adsorbed
from a solution, without being entrapped in a lipid environment.
The measurements of catalytic activity in Table 1 show that the
response time (lag time) for the uric acid catalysis is higher for the
ﬁlms in which uricase was adsorbed from a solution into pre-
formed LB ﬁlms (architectures C and D). The probable reason for
the longer times should be the orientation of uricase molecules,
in addition to the lower extension of structural preservation. When
uricase adsorbs from solution, its penetration into the protecting
lipid matrix could be ineffective since pure SA LB ﬁlms were
formed from a highly packed monolayer (at 30 mN/m). Since for
both architectures C and D uricase was exposed on the surface,
the shorter lag time and higher catalytic activity for architecture
D should be attributed to different extents of exposure of the
catalytic site to the solution with the analyte. In fact, this exposure
may be affected by the enzyme orientation, depending on whether
the surface is hydrophilic or hydrophobic.
As expected, thehighest catalytic activity amongall theﬁlmswas
observed for architecture B, the only one inwhich uricasemolecules
had their structures preserved. The enzyme activity for architecture
B was 71% of the value in a homogeneous environment, signiﬁ-
cantly higher than for the other architectures. With regard to archi-
tecture A, while the lag time was short, comparable to that of
architecture B, the activity was much lower probably because the
structuring and conformation of the uricase molecules could not
be kept in a 4-layer LB ﬁlm. Also, since the enzyme activity is calcu-
lated based on the amount of enzyme deposited, the overall value
may be lower for architecture A because some of the uricase mole-
cules entrapped in inner layers may not be accessible to uric acid.
A similar effect was observed for layer-by-layer (LbL) ﬁlms of glu-
cose oxidase [29]. Table 1 also shows that architecture B is again
themost suitable for preserving the catalytic activity over time,with
90% of the original activity being kept after 1 month. In conclusion,
the structuring in b-sheets inherent in architecture B, unique among
the four kinds of ﬁlms essayed, is the key factor to determine the
suitable conformation and orientation of the enzyme. Such structur-
ing not only facilitates the access of uric acid to the uricase catalytic
site, but also imposes a conformation such that this site is geometri-
cally more adequate for the catalysis of uric acid oxidation.
It should be noted that a change in pH could be crucial for the
stability of the LB molecular arrangements. The LB ﬁlms were
Table 1
Enzyme activity for the LB ﬁlms containing uricase for the four ﬁlm architectures depicted in Fig. 1.
Architecture Film Lag time
(min)
Activity (DAbs293/min/
mg)
% (homogeneous:
25  103 min1)
% Activity preserved (after
1 month)
A SA–uricase LB (four layers) <1 min 1.9  103 7.60 89.70
B SA–uricase LB (one layer) <1 min 17.7  103 70.80 90.10
C Uricase on pure SA LB (three
layers)
20 min 1.4  103 5.60 10.10
D Uricase on pure SA LB (four
layers)
6 min 3.0  103 12.00 33.30
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measuring the enzyme activity. Since this latter pH is above the
isoelectric point of uricase (6.3), the net negative surface charge
could increase repulsion between the uricase and SA molecules,
thus affecting the molecular structure. In order to discard the pH
dependence as the probable cause for the differences in activity
in Table 1, we performed subsidiary experiments of uricase activity
but at pH 6.3. Obviously, at this non-optimum pH, the measured
activities were 30 ± 7% of the corresponding values in Table 1 at
optimum pH (8.5). But the trends in activity and lag time remained
the same for the four architectures, with architecture B again
showing the best performance. It seems that the proteolipid orga-
nization was not altered when the ﬁlms were immersed in the
catalysis medium.
The high enzyme activity of the 1-layer SA–uricase LB ﬁlm
(architecture B) was exploited in a proof-of-concept experiment
to detect uric acid. We found that concentrations as low as
0.05 mmol L1 of uric acid could be detected, with a linear increase
in the absorbance up to 0.9 mmol L1, a range that covers typical
concentrations in the human blood [30]. This performance is
comparable to that of biosensors from the literature [1,19,21,31].
The approach introduced in this paper then enables the use of
the Langmuir–Blodgett methodology for future colorimetric uric
acid sensors with higher degree of stability.
4. Conclusions and outlook
We have shown that uricase adsorbs on Langmuir monolayers
of stearic acid (SA), as investigated with surface pressure, surface
potential and PM-IRRAS measurements. At 30 mN/m, uricase could
be transferred along with SA onto solid supports in the form of LB
ﬁlms, which was conﬁrmed by PM-IRRAS and ﬂuorescence spec-
troscopies. Catalytic activity could be detected for uricase immobi-
lized on solid matrices with the monitoring of a redox reaction,
with optimized performance found for a ﬁlm architecture where
one mixed uricase–SA Langmuir monolayer was transferred from
the air–water interface onto the solid support. The latter was the
architecture that best conserved the enzyme activity, which is
relevant for surface science since we proved that one single layer,
with the enzyme entrapped in the amphiphilic arrangement, helps
preserve the structure of the polypeptide moiety of uricase. This
was attributed to the interaction of the polypeptide structure with
the hydrophobic tails of SA, facilitating the access of the analyte to
the catalytic site of the enzyme, as well as inducing uricase to a
secondary and tertiary structure, ideal for the catalysis of uric acid
oxidation. With this optimized architecture uric acid could be
detected at levels comparable to those in the human blood, and
this feature may be exploited in further applications for biosensing
and in biocatalytic devices.
One key contribution of the present work was related to the
search for optimized ﬁlm architectures in preserving enzyme activ-
ity through theuse of experimentalmethods that can be extended to
other systems. Though it has been known from the literature that
hybrid lipid–protein layers are suitable for preserving the structureof proteins [1,6,7], in this paper we demonstrated that precise
molecular-level information can be obtained upon combining PM-
IRRAS and ﬂuorescence measurements in the study of nanostruc-
tured ﬁlms. Of particular relevance was the possibility to explain
why some ﬁlm architectures performed better than the others in
terms of catalytic activity, thus signaling a pathway for optimization
of biosystems. It is also clear indication that improved organic and
bioinspired devices, such as biosensors, can only be achieved if fun-
damental studies on interfaces are carried out.
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